Objective: To determine copper absorption from copper containing foods labelled either intrinsically or extrinsically with a highly enriched Cu-65 stable isotope label. Design: A longitudinal cross-over study. Setting: The study was conducted at the Institute of Food Research, Human Nutrition Unit, Norwich, UK. Subjects: Subjects were recruited locally via advertisements placed around the Norwich Research Park. A total of 10 volunteers (nine female, one male) took part in the study, but not all volunteers completed each of the test meals. Interventions: A highly enriched Cu-65 stable isotope label was administered to volunteers in the form of a reference dose or in breakfast test meals consisting of red wine, soya beans, mushrooms or sunflower seeds. Faecal monitoring and mass spectrometry techniques were used to estimate the relative quantities of copper absorbed from the different test meals. Results: True copper absorption from the reference dose (54%) was similar to extrinsically labelled red wine (49%) and intrinsically labelled sunflower seeds (52%), but significantly higher than extrinsically labelled mushrooms (35%), intrinsically (29%) and extrinsically (15%) labelled soya beans and extrinsically labelled sunflower seed (32%) test meals. Conclusions: The use of Cu-65 extrinsic labels in copper absorption studies requires validation according to the food being examined; intrinsic and extrinsic labelling produced significantly different results for sunflower seeds. Sponsorship: Funding from the European Commission and the Biotechnology and Biological Sciences Research Council.
Introduction
Copper is widely distributed in foods: the richest sources are shellfish, nuts and offal (Food Standards Agency, 2002) and cereals and cereal products supply 31% of dietary copper in the adult UK diet (Henderson et al, 2003) . As with many minerals, the concentration of copper in foods is related to the geographic location where crops are grown or animals reared because of differences in soil levels and the use of copper-containing fertilisers or pesticides (Pennington & Calloway, 1973) . Food processing such as milling or canning may also affect food concentrations (Linder, 1991) . Recommended dietary intakes for copper are difficult to derive because the data for physiological requirements and dietary absorption are imprecise. Consequently, with concern surrounding the, as-yet undefined, extent of marginal copper deficiency within the population, it is essential to derive data on the bioavailability of copper from foods.
Modern methods for investigating mineral bioavailability in humans employ stable isotopes to label dietary sources. New techniques for estimating mineral absorption using stable isotope methodology are continually being developed and improved. However, there are only two copper stable isotopes .2% natural abundance, 30.8% natural abundance) which has prevented the use of some of the more elegant approaches such as the dual labelling techniques used for iron and calcium (Mellon & Sandstrom, 1996) . For this reason, the faecal monitoring technique is currently the only option available for copper absorption studies using stable isotopes. The use of a stable isotope label in a test meal can either take the form of an intrinsic or extrinsic label. Extrinsic labelling is much simpler and cheaper to achieve than the preparation of intrinsically labelled test meals as it simply requires the addition of isotope to the food prior to consumption. Intrinsic labelling involves incorporating the isotope biosynthetically into the growing food, which entails feeding or injecting animals with the isotope, or, in the case of plants, stem injection, foliar feeding or hydroponics techniques (Weaver, 1985) . The use of the extrinsic labelling technique assumes that there is a common pool for label and the endogenous inorganic element. The formation of a common pool will be dependent on the food matrix, the time allowed for the extrinsic label to exchange with the native mineral and the physico-chemical form of the mineral. Comparative absorption data for intrinsically and extrinsically labelled foodstuffs is somewhat limited, but the validity of extrinsic labels for stable isotope absorption studies has been demonstrated for nonhaem iron (Boza et al, 1995) , zinc (Egan et al, 1991) , calcium (Weaver et al, 1992) , magnesium (Liu et al, 1989) and copper . However, there are indications in the literature that there may be differences in absorption between intrinsic and extrinsic labels, for example, zinc (Janghorbani et al, 1981; Fairweather-Tait et al, 1991) , and it is accepted that extrinsic labels cannot be used for selenium absorption studies because organic (selenomethionine, selenocysteine) and inorganic (selenite, selenate) selenium is known to be absorbed independently (Moser-Veillon et al, 1992) .
The present study was designed to measure the absorption of Cu-65 stable isotope from a range of foods (mushrooms, red wine, sunflower seeds and soya beans) in comparison with a 3 mg reference dose of copper. The study also examined the use of intrinsic and extrinsic stable isotope labels in sunflower seed and soya bean test meals.
Subjects and methods

Study design
Copper absorption was measured from a range of test meals consisting of foods labelled either intrinsically or extrinsically with a maximum of 3 mg of highly enriched (99.6%) Cu-65 stable isotope. Details of the exact doses used are given in Table 1 . Absorption from the test meals was compared with that from a 3 mg reference dose of Cu-65 stable isotope (as copper chloride) given in a diet cola drink. Test meals were administered in the Institute of Food Research Human Nutrition Unit (HNU) following an overnight fast, and subjects refrained from eating for a period of 4 h postdosing. A complete faecal collection was made for 10 days following each test meal and a baseline stool sample was collected prior to each study day. The baseline samples were collected to ensure that the 63 Cu/ 65 Cu ratios had returned to natural levels following the previous test meal. A 1 mg oral dose of the nonabsorbable rare earth element, holmium, was given with each test meal to check that the faecal collections were complete. The holmium was either incorporated into the test food or given in a diet cola drink, as appropriate. There was a minimum interval of 4 weeks between each test meal. An additional aim of the study was to validate the use of the rare earth element holmium as a faecal marker in copper absorption studies and these data have been published elsewhere (Harvey et al, 2002) .
Subjects
In all, 10 apparently healthy volunteers (nine female, one male) were recruited through advertisements to take part in the study (subject characteristics are given in Table 2 ). Each volunteer provided a 10 ml blood sample for clinical screening to ensure that biochemical indices and haematological measurements were within the normal range. Screening included a full blood count (white blood cells, red blood cells, haemoglobin, haematocrit, platelet concentration) and a general profile (Na, K, bicarbonate, urea, creatinine, total bilirubin, total protein, albumin, globulin, lactate dehydrogenase, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, g-glutamyltransferase, Ca, P, total cholesterol, glucose). Other exclusion criteria included chronic illness, the taking of medication or nutritional supplements and smoking. The study protocol was explained to the volunteers and written informed consent was obtained. The Norwich District Ethics Committee approved the research protocol.
Dose preparation
Isotopically enriched copper chloride (CuCl 2 ) was prepared from elemental Cu-65 (Europa Scientific Ltd, Crewe, UK) as previously described (Harvey et al, 2002) . Individual doses were stored in plastic vials at À201C until required. The concentration of the doses was determined by atomic absorption spectrophotometry (AAS) (Solaar 969 atomic absorption spectrophotometer, Unicam, UK) and isotopic enrichment was determined by inductively coupled plasmamass spectrometry (ICP-MS: VG PQ2 þ instrument; VG Elemental, Winsford, UK). The holmium oral doses were prepared by dissolving holmium chloride (Avocado Research Chemicals Ltd, Heysham, UK) in demineralised, purified water (Elga, Cambridge). The stock solution was divided into individual 1 mg doses and stored in plastic vials at À201C until required. The concentration of the doses was determined by ICP-MS.
Preparation of intrinsically labelled foods
Soya beans (Glycine max) and sunflower seeds (Helianthus annuus) were intrinsically labelled with highly enriched Cu-65 stable isotope by cultivating the plants using hydroponic techniques (Fox et al, 1991) . Intrinsically labelled sunflower seeds were prepared in two batches in consecutive years. Seeds were initially germinated in vermiculite prior to transplanting into 8 cm lengths of 2.5 cm diameter piping containing a vermiculite and silver sand mixture. The sections of pipe were positioned 30 cm apart in a hydroponic gravel bed and the 3 cm high seedlings were top watered by hand for 7 days until fully established. The soya beans were initially sprouted on damp paper and planted in individual fibreglass modules. When the plants were large enough to handle they were transplanted into the gravel bed approximately 45 cm apart and top watered by hand for 2-3 weeks.
The hydroponic gravel beds were irrigated once or twice a day as required with 200 l of circulating solution containing the following minerals; 23 g NH 4 H 2 PO 4 , 180 g KNO 3 , 90.3 g Ca(NO 3 ) 2 Á 4H 2 O and 10 g Fe EDTA. In addition, minerals were dissolved in water (1 l) and the solution was added to the 200 l hydroponic system at a concentration of 1 ml/l: 2.86 g H 3 BO 3 , 1.81 g MnCl 2 Á 4H 2 O, 0.22 g ZnSO 4 Á 7H 2 O, 0.08 g CuSO 4 Á 5H 2 O and 0.09 g H 2 MoO 4 Á H 2 O. The calcium and magnesium baseline levels in the water used in the hydroponic solutions were 113 and 4 ppm, respectively. Initially, the hydroponic solution was changed weekly to ensure the correct balance of minerals was maintained. This routine was continued for approximately 6 weeks until flower buds began to appear on both the sunflower and soya plants. At this time, Cu-65 stable isotope was added to the hydroponic mix at a concentration of 0.375 ppm and all other copper was omitted from the solution. The concentrations of minerals in the solution were regularly checked using flame photometry and AAS and additional minerals added as appropriate to maintain the optimum concentrations for plant growth. After approximately 3 weeks, an additional 75 mg of Cu-65 stable isotope was added to the solution irrigating the first batch of sunflower plants. In the case of the second batch of sunflower plants and the soya plants a total of 300 mg of Cu-65 stable isotope was added in 50 mg aliquots on a weekly basis once flower buds had formed. After flowering, the sunflower heads and soya bean pods were allowed to dry on the plants before harvesting. The levels of Cu-65 enrichment and total copper concentrations in the seeds and beans were determined using ICP-MS and AAS, respectively. Compared with a Cu-65 natural abundance of 30.8%, the sunflower seeds had isotopic abundances of 65 Cu stable isotope of 49.5 and 58.0% for batches 1 and 2 respectively, and the soya beans had an isotopic abundance of 40.0%.
Preparation of test meals
Copper concentrations and copper isotope enrichments were determined for each test meal by AAS and ICP-MS, respectively (Table 1) . In all cases, the extrinsic doses were added to the test meals approximately 1 h before administering the test meal.
Reference dose. The reference dose consisted of 3 mg of highly enriched Cu-65 stable isotope and 1 mg holmium in a diet cola drink (approximately 125 g).
Intrinsically labelled sunflower seeds. Intrinsically labelled sunflower seeds were made into a 'sunflower butter' consisting of 50 g of finely chopped intrinsically labelled sunflower seeds, homogenously mixed with 25 g of butter.
The test meal consisted of 75 g of sunflower butter on 70 g of toasted white bread. The sunflower butter was prepared in advance and stored at À201C until required. The holmium dose was administered simultaneously in 125 g of diet cola drink.
Extrinsically labelled sunflower seeds. The extrinsically labelled sunflower seed test meal contained a similar amount of copper to the intrinsically labelled meal. The test meals consisted of 37.5 g of sunflower butter on 35 g toasted white bread. Sunflower seeds were purchased from a local food store and prepared and stored in the same manner as the intrinsically labelled meal. The holmium dose was administered simultaneously in 125 g of diet cola drink.
Extrinsically labelled mushrooms. A measure of 350 g of frozen whole mushrooms (purchased from a local food store) were thawed and cooked in a microwave, blended with 6.5 g butter, 143 g demineralised water, and salt and pepper to produce a mushroom soup test meal. All test meals were
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Extrinsically labelled red wine. A measure of 3 mg of Cu-65 stable isotope and 1 mg holmium were added to 125 g of red wine (1996 Cotes du Rhone, Waitrose, UK) and served as the test meal.
Intrinsically labelled soya beans. The intrinsically labelled soya beans were soaked overnight in cold water and stored at À201C until required. The day before the test meal, the beans were thawed, cooked in a pressure cooker for 45 min, strained and homogenised. Portions (450 g) of the homogenate were heated in a microwave and served as the test meal and a 1 mg holmium dose was incorporated into the homogenised beans.
Extrinsically labelled soya beans. The soya beans for the extrinsically labelled test meal were purchased from a local food store (Waitrose, UK) and prepared as for the intrinsic test meal. An extrinsic 3 mg Cu-65 dose and a 1 mg holmium dose were incorporated into the test meal.
Sample preparation and analysis
Faecal samples were prepared for analysis as previously described (Harvey et al, 2002) . Samples were quantitatively analysed for copper by AAS, calibrated with standards prepared from 1000 mg/l SpectrosoL (BDH) stock solution. Measurements were made as previously reported (Beattie et al, 1996) . Copper isotope ratios and total holmium was quantified by ICP-MS.
Mathematical and statistical analysis
All data are expressed as means7s.d. Apparent absorption is the difference between labelled copper intake and excretion in faeces and true absorption is calculated when an allowance is made for the copper which is firstly absorbed and then endogenously excreted into the gastrointestinal tract. The calculation of true absorption is described in a previous publication (Harvey et al, 2002) . In summary, assuming that all subsequent stools, after the complete collection of holmium, only contain labelled copper which has been absorbed and then endogenously excreted, it is possible to plot the mole fraction of labelled copper against time for these latter stools, fit a straight line through the points (in the form y ¼ mx þ c) and extrapolate back to the time of dose administration. This allows the calculation of mole fraction of labelled copper that has been endogenously excreted in the earlier stools. Knowledge of this, along with the measured total copper content in those stools, permits a correction to be made to the apparent absorption therefore allowing estimation of the true absorption of the labelled copper dose.
The statistical package R (R Development Core Team, 2003) was used to carry out all statistical analysis and univariate analysis of variance (ANOVA) was used to examine the data for evidence of a relationship between copper absorption and the type test meal. The model also included the effect of an individual volunteer on measured copper absorption. Tukey's honest significant difference test was used to test for differences in absorption between test meals. A significance level of P ¼ 0.05 was used for all statistical tests.
Results
Not all volunteers completed every test meal due to personal reasons and some data had to be excluded due to incomplete faecal collection (mean (7s.d.) faecal holmium recovery was 105% (715%)). In some cases, true absorption could not be estimated because there were insufficient faecal samples collected during the period when excretion of copper was purely due to endogenous losses. The apparent and true absorption of the copper isotope label from each of the test meals and the reference dose are given in Table 3 . Apparent and true copper absorption were significantly affected by the type of test meal consumed (P ¼ 0.0009 and o0.0001, respectively), while the interindividual effect was not significant for apparent absorption (P ¼ 0.4767) and only marginally significant for true absorption (P ¼ 0.0466). A significance level of P ¼ 0.05 was used for all pairwise differences. Apparent absorption from the reference dose (36711%) was significantly greater than from the extrinsically labelled soya beans, while absorption from the intrinsically labelled sunflower butter was significantly higher than from either the intrinsically or extrinsically labelled soya beans. There was no significant difference in apparent copper absorption between any other test meals.
True copper absorption was obtained by correcting the apparent copper absorption for endogenous losses of copper (Harvey et al, 2002) . The reference dose was absorbed most efficiently (5479%) and was significantly higher than that from either the mushrooms, extrinsically labelled sunflower butter or extrinsically or intrinsically labelled soya bean test meals. Copper absorption was significantly greater from the intrinsically labelled sunflower butter than from either the mushrooms, extrinsically labelled seeds or intrinsically and extrinsically labelled soya beans. True copper absorption from the red wine was also significantly greater than from either the intrinsically or extrinsically labelled soya beans. There was no significant difference in true copper absorption between any other test meals.
Discussion
The measurement of mineral absorption in human studies is often performed using extrinsic stable isotopes to label inorganic nutrients in foods. The validity of this technique is dependent upon the isotope tracer and the endogenous inorganic element sharing a common pool in the body. However, this assumption is dependent on a number of factors. Firstly, the chemical species or form of the mineral may affect bioavailability (Combs, 1988) , but there is little evidence in the case of copper to indicate that chemical form affects absorption in humans (Harvey & Fairweather-Tait, 1999) . A reference dose given in a drink can be employed in absorption studies either to normalise absorption values by removing interindividual variability or to provide a direct comparison between the test food and the element without inhibitory or enhancing dietary factors. Potentially, stable isotope labels given in solution may be better absorbed than when they are in meals or foods due to the mineral being in more soluble forms. This is supported by the findings of this study, with true copper absorption being significantly greater (Po0.05) from the reference dose than from all other extrinsically labelled test meals apart from the red wine. The second potentially important factor affecting the use of extrinsic labels is the length of time allowed for exchange of the extrinsic label with the native/endogenous mineral prior to consumption. The formation of a common pool will depend on the label being released relatively quickly from the chemical bonds by which it is bound to the food matrix. Potentially, an extrinsic label may be more freely available than the endogenous mineral if the latter is tightly bound. Alternatively, compounds within the food matrix may have a greater affinity for binding extrinsic labels in their ionic form than for binding the more protected intrinsic label. Consequently, differences in the rate of dissociation of either label or native mineral may result in incomplete formation of a common pool. In this study, it is interesting to note that true copper absorption from the extrinsically labelled sunflower butter (32%) was significantly lower than from the intrinsically labelled butter (52%). Although a significant difference in absorption was detected between the intrinsically and extrinsically labelled sunflower butter test meals, it should be noted that the extrinsically labelled test meals were half the size of the intrinsically labelled meals in order to ensure that the total amount of copper label was similar in both test meals.
The difference in true absorption between extrinsically (15%) and intrinsically labelled soya beans (29%) was not significant. The small numbers of volunteers whose data were usable for this food type did not allow us to draw firm conclusions. Also, the total copper in the extrinsic test meal was four times greater than the intrinsic and it is known from previous studies that quantity of copper in the test meal is inversely related to percentage absorption (Turnlund et al, 1989 (Turnlund et al, , 1998 . Phytate is found in high concentrations in cereals, vegetables and legumes including soya beans and while its negative effect on zinc and calcium absorption is well established, it is thought to have little effect on copper bioavailability (Hurrell, 2003; Egli et al, 2004) . However, the data from this study demonstrate that absorption from both the intrinsically and extrinsically labelled soya beans was significantly lower than from red wine, mushrooms and intrinsically labelled sunflower seeds. This suggests that there is a factor in the beans which inhibits absorption and we propose that this may be phytate. Other stable isotope studies in young men reported that high levels of phytate did not decrease copper absorption even when zinc absorption was markedly reduced (Turnlund et al, 1984 (Turnlund et al, , 1985 . However, it was proposed that the lower availability of copper from mixed weaning infant formulas (60-78%) compared with human milk or follow-on formula (76-87%) was due to the inhibitory effect of phytate (Lonnerdal et al, 1994) .
There are limited data comparing copper absorption from intrinsically and extrinsically labelled foods. A study carried out by in female subjects compared apparent copper absorption from intrinsically and extrinsically labelled goose breast meat, goose liver and peanut butter and found no significant difference in absorption between the intrinsically and extrinsically labelled forms of each food (54, 65, 58 and 52, 65, 54%, respectively) . A mean value of 50% apparent copper absorption from extrinsically labelled sunflower butter was also measured in three subjects, which was higher than the 22% apparent absorption measured in the present study. However, there is no indication from the earlier study of the length of time the extrinsic dose was allowed to equilibrate with the sunflower butter. It is possible that the greater the equilibration time, the more readily available the copper label would become as it equilibrates with the endogenous copper in the seed and is no longer bound to the butter. Another study supporting the use of extrinsic tracers for copper stable isotope absorption studies found no significant difference in copper absorption from both intrinsically and extrinsically labelled whole wheat bread (Johnson & Lykken, 1988) . A more recent study again demonstrated the validity of extrinsic labels, reporting similar mean copper absorption from intrinsically and extrinsically labelled yeast (Saccharomyces cerevisiae) in rats (Boza et al, 1995) .
In summary, the results of this study indicate that the validity of using extrinsic labels in copper absorption studies needs to be examined on a meal by meal basis. Using an extrinsic tracer for labelling sunflower seed butter was shown to be inappropriate whereas the two types of labelling were comparable for soya bean test meals although this result must be interpreted with care since the sample size was relatively small. The data also indicated that in the case of soya beans there is some inhibitory effect on copper absorption within the food matrix.
